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Siininary 

A spread  spectrian  receiver  implemented  with  sur- 
face acoustic  wave  (SAW)  technology  Is  discussed,  and 
experimental  results  for  the  detection  of  a signal  em- 
bedded in  narrowband  interference  are  presented.  An 
adaptive  version  of  that  receiver  Is  also  discussed  for 
the  case  of  detecting  a signal  In  the  presence  of  a 
wideband  Gaussian  (out  not  necessarily  white)  Interferer 
whereby  an  attempt  Is  made  to  estimate  the  unknown  noise 
spectral  density. 

1 . Introduct Ion 

In  [11,  a spread  spectrian  receiver  using  surface 
acoustic  wave  (SAW)  technology  was  described  and  ex- 
perimental results  showing  Its  ability  to  ranove  a 
narrowband  Interferer  were  presented.  In  this  paper, 
those  results  will  be  further  elaborated  upon  and  a 
method  of  making  that  scheme  adaptive  will  be  discussed. 
In  particular.  It  will  be  shown  that  If  one  Is  receiv- 
ing a spread  spectrum  signal  In  the  presence  of  an  in- 
terferer  that  can  be  modeled  as  a non-white  Gaussian 
process  with  a covariance  function  which  la  changing 
slowly  as  a function  of  time,  the  receiver  described 
in  [1]  can  be  made  adaptive  by  estimating  the  spectral 
density  of  the  Interference  and  then  slowly  adjusting 
a prewhltenlng  filter  according  to  that  estimate. 

2.  SAW  Receiver 

The  general  form  of  the  receiver  la  shown  In  Fig- 
ure 1.  It  consists  of  a Fourier  transformer,  a multi- 
plier, an  Inverse  Fourier  transformer,  and  a matched 
filer.  As  described  In  detail  In  [1],  the  rationale 
for  the  above  receiver  Is  the  ease  with  which  It  is 
possible  to  perform  a real-time  Fourier  transformation 
using  SAW  technology.  In  essense,  the  filtering  by  the 
transfer  function  H(w)  Is  done  by  multiplication  fol- 
lowed by  Inverse  transformation  rather  than  by  convolu- 
tion. This  multiplication,  while  ostensibly  being  per- 
formed in  the  "frequency  domain,"  Is  of  course  accom- 
plished by  the  SAW  device  in  real-time. 

Alternately,  the  receiver  may  be  Inplmnented  as 
shown  In  Figure  1(b)  ([21(4])  wherein  the  matched  fil- 
tering Is  performed  by  Inverse  transforming  the  product 
of  the  transforms  of  the  filtered  Input  waveform  and 
the  Impulse  response  of  the  matched  filter. 

To  Illustrate  the  above  Ideas,  Figures  2 and  3 show 
results  of  narrowband  Interference  removal  when  s(t)  is 
a 13-blt  Barker  code  and  a 255  bit  PN  sequence  respec- 
tively. (Actually,  both  codes  were  composed  of  ONE's 
and  zero's  rather  than  t ONE's.)  The  Interference  In 
both  cases  was  a sine  wavs,  and  In  Figure  2 It  was  fil- 
tered out  by  sniltlpllcatlon  In  frequency  by  a rectan- 
gular pulse  (l.e.  a low-peas  filter)  while  In  Figure  3 
It  tras  filtered  out  by  effectively  multiplying  by  a 
notch  filter. 
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It  can  be  seen  frcxn  both  figures  that  the  Inter- 
ference has  been  effectively  eliminated.  The  distortion 
seen  In  the  final  trace  of  each  figure  is  due  In  large 
part  to  the  bandwidth  of  the  final  video  filter.  As  an 
Incidental  result.  If  traces  1 and  3 are  compared  with 
each  other  (also  traces  4 and  6)  one  can  see  the  fidel- 
ity with  which  tiic  Fourier  transforms  can  be  taken. 

Figure  4 shows  the  actual  Implementation  used  to 
generate  the  above  results,  and  corresponds  to  the 
block  diagram  of  Figure  1(a).  The  Fourier  transforms 
were  Implemented  using  SAW  delay  times  with  a chirp 
(l.e.  linear  FM)  Impulse  response  built  into  the  tap 
weights.  However,  the  final  matched  filtering  operation 
was  performed  using  a slllcon-on-llthium  nlobate  con- 
volver ([1]  ,(  51 ) . 

To  demonstrate  the  feasibility  of  Figure  1(b),  the 
receiver  shown  In  Figure  5 was  built  and  results  are 
shown  In  Figures  6 and  7.  Figure  6 shows  the  output  of 
a filter  matched  to  a 253-blt  PN  code  (again  Implemented 
with  one's  and  ZERO's)  when  the  Input  was  that  same  code 
under  Interference-free  conditions.  When  a narrowband 
Interferer  (specifically  a periodic  triangular  waveform) 
was  added,  the  filter  output  Is  shown  In  Figure  7. 

If  Instead  of  being  a sine  wave  the  Interference 
I(t)  was  a wideband  Gaussian  process  with  some  given  co- 
variance  function,  then  H(w)  mlgu,.  have  been  chosen  to 
be  a prewhltenlng  filter  ([6]).  However,  some  know- 
ledge of  the  noise  spectral  density  S(w)  of  the  Inter- 
ference must  be  available  at  the  receiver.  A possible 
technique  to  scqulre  this  Information  Is  presented  In 
the  next  section. 

3.  Spectral  Estimation  Using  SAW  Devices 

It  is  well  known  that  one  cannot  obtain  unbiased 
and  consistent  estimates  of  the  spectral  density  of  a 
stochastic  process  with  a single  finite  time  realiza- 
tion of  that  process  (1 6] -[8]).  This  is  because  the 
most  obvious  estimate  of  the  power  spectnun  of  some  pro- 
cess x(t),  paoely 

, / ,2 

S(w)  - i / x(t)e‘^''’M  , (1) 

* I •'o  ' 

has  a variance  which  docs  not  approach  zero  as  T ap- 
proaches Infinity.  This  particular  function  is  some- 
times known  as  a perlodogras.  However,  If  one  con- 
volves S(w)  with  as  appropriate  "spectral  window" 

([8])  one  will  end  up  with  an  estimate  whose  variance 
does  approach  zero  as  the  time  over  which  the  spectral 
estimate  Is  computed  approaches  In  Inlty.  This  new 
estimate  Is  no  longer  unbiased,  but  for  appropriate 
spectral  windows  the  blae  can  be  kept  within  tolerable 
limits. 

There  are  many  spectral  windows  that  one  can  use 
([8]).  The  one  that  la  moat  easily  implamented  using 
SAW  devices  la  one  whose  Impulse  response  is  of  the 
form  (sin  u)/2  so  that  its  transfer  function  la  just 
that  of  an  Ideal  lowpasa  filter.  Because  of  the  sim- 
plicity of  both  Fourier  transforming  and  convolving 
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uKin^t  SAW  devices,  convolving:  the  perlodogrom  with  n 
rect.ingulnr  pulse  (in  the  frequency  lUnDnin)  is  easily 
acc('rhpl  ishod  if  one  can  isolate  the  process  x(t)  from 
which  the  per todogr:«n  is  computed. 


4.  Adaptive  Receiver 

For  the  problem  .it  hand,  x(t)  Is  the  sum  of  the 
additive  noise  n(t)  plus  Interference  I(t).  If  It  is 
assumed  th.it  n(t)Ls  a stationary  .iddltive  white  G.iussian 
process  and  that  I(t)  is  a Gaussian  process  whose  covar** 
iance  function  changes  very  slowly  relative  to  the  dur- 
ation of  one  information  bit,  and  If  further  It  is  as- 
simed  that  the  form  of  the  desired  signal  s(t)  is  known 
It  the  receiver  (i.e.  any  distortion  on  s(t)  from  what 
it  was  at  the  transmitter  is  known  and  can  be  reproduced 
at  the  receiver),  then  a possible  implementation  of  an 
adaptive  version  of  Figure  I is  shown  in  Figure  d.  The 
idea  in  Figure  8 is  to  subtract  from  the  received  wave- 
form an  estimate  of  the  transmitted  signal  s(t).  This 
(ideally)  would  leave  just  I(t)  * n(t)  whose  power  spec- 
trum could  then  be  estimated.  The  second  input  to  the 
convolver  Pc/2  (;*»  - d/2).  Is  Just  a rectangular  window 
of  height  unity,  width  6,  and  centered  at  lu  ■ 6/2.  The 
Inverter  Is  a blackbox  whose  output  is  l/X  when  Its  In- 
put is  X.  Finally,  the  Fourier  transform  in  the  esti- 
mation branch  of  the  diagram  operates  over  MT  seconds 
for  scxie  integer  M,  where  T Is  the  duration  of  one  In- 
formation bit.  The  parameters  M and  6 have  to  be  opti- 
mized for  each  given  situation.  Also,  implicit  In  all 
of  the  above  Is  the  assunptlon  of  a low  bit  error  rate, 
since  only  Chen  can  Che  decision-directed  operations 
be  expected  to  perform  well. 


[7]  E.  Parzen,  "On  choosing  an  estimate  of  the  spectral 
density  function  of  a stationary  time  series," 
Annals  Math.  Stat.  December  1957,  pp  921-932. 

[8]  E.  Parzen,  "Mathematical  considerations  In  the 
estimation  of  spectra,"  Technometlcs,  May  1961, 
pp  132-155. 


5.  Conclusion 

Exper imentdl  results  for  a spread  spectrum  receiver 
implemented  using  acoustic  slnface  wave  technology  has 
been  presented  for  the  case  of  a narrowband  Interferer. 
The  same  basic  receiver  was  shown  Co  be  applicable  to 
detecting  a signal  In  wideband  Gaussian  noise,  and  a 
potential  Implementation  of  an  adaptive  version  of  that 
receiver  was  dlst'ussed.  At  present,  this  <idaptlve 
receiver  Is  being  impltsnenced , but  experimental  results 
are  not  currently  .available. 
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Fig.  1 Receiver  block  diagrans. 
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Fig.  2 Filtering  of  Barker  code  signal  (hor. 
Siisec/Uiv) ; 


scale  - 


Trace  1 - Barker  code  input 
Trace  2 - Fourier  transform  of  Trace  1 
Trace  3 - Inverse  Fourier  transform  of 
Trace  2 

Trace  4 - Barker  code  plus  interference 
Trace  5 - Fourier  transform  of  Trace  4 
Trace  6 - Inverse  transform  of  Trace  5 
Trace  7 - H(w)  - gating  signal 
Trace  8 - Filtered  signal 


Fig.  3 Filtering  of  255  bit  PN  code  signal  (hor.  scale 
5 usec/div) : 

Trace  1 - PN  code  input 

Trace  2 - Fourier  transform  of  Trace  1 

Trace  3 - Inverse  Fourier  transform  of  Trace  2 

Trace  4 - PN  code  plus  interference 

Trace  5 - Fourier  transform  of  Trace  4 

Trace  6 - Inverse  transform  of  Trace  5 

Trace  7 - H(w)  - gating  signal 

Trace  8 - Filtered  signal 


Fig.  4 Implementation  of  SAW  receiver  where  the 
matched  filter  part  is  implemented  using  a 
Si-on-LiNbOj  convolver. 


Fig.  5 Implementation  of  SAW  receiver  using  up-chirp 
SAW  delay  lines  only. 


Fig.  6 255-bit  PN  code-matched  filtering: 

(a)  Hor.  scale  - 5 psec/div 

Traces  1 and  2 - Code  and  Its  time 
reversal 

Traces  3 and  4 - Respective  Fourier 
transforms 

Trace  5 - Product  of  Traces  3 and  4 
Trace  6 - Matched-filtered  output 

(b)  Magnified  and  expanded  view  of  Trace  6 
(hor.  scale  2 psec/div) 
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Fig.  7 255-bit  PN  code-matched  filtering  in  the 
presence  of  triangular  interferer.  (hor. 
scale  - 5 usec/div): 

Trace  1 • Time  reversed  signal 
Trace  2 - Signal  plus  interferer 
Traces  3 4 4 - Fourier  transforms  of  1 ana  2 
respectively 

Trace  5 - Multiplication  of  Traces  3 and  4 
Trace  6 - Matched-filtered  output 


Fig.  8 Adaptive  receiver  block  diagram. 
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Figure  8.  Adaptive  Receiver 
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